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Strong-coupling between light and matter produces hybridized states (polaritons) whose delocal-
ization and electromagnetic character allow for novel modifications in spectroscopy and chemical
reactivity of molecular systems. Recent experiments have demonstrated remarkable distance-
independent long-range energy transfer between molecules strongly coupled to optical microcav-
ity modes. To shed light on the mechanism of this phenomenon, we present the first compre-
hensive theory of polariton-assisted remote energy transfer (PARET) based on strong-coupling
of donor and/or acceptor chromophores to surface plasmons. Application of our theory demon-
strates that PARET up to a micron is indeed possible via strong-coupling. In particular, we report
two regimes for PARET: in one case, strong-coupling to a single type of chromophore leads to
transfer mediated largely by surface plasmons while in the other case, strong-coupling to both
types of chromophores creates energy transfer pathways mediated by vibrational relaxation. Im-
portantly, we highlight conditions under which coherence enhances or deteriorates these pro-
cesses. For instance, while exclusive strong-coupling to donors can enhance transfer to accep-
tors, the reverse turns out not to be true. However, strong-coupling to acceptors can shift energy
levels in a way that transfer from acceptors to donors can occur, thus yielding a chromophore
role-reversal or "carnival effect." This theoretical study demonstrates the potential for confined
electromagnetic fields to control and mediate PARET, thus opening doors to the design of remote
mesoscale interactions between molecular systems.
1 Introduction
Enhancement of excitation energy transfer (EET) remains an ex-
citing subfield in the chemical sciences. Although Förster reso-
nance energy transfer (FRET) is one of the most extensively stud-
ied and well known forms of EET, its efficiency range is only at
1-10 nm.1 As such, exploration of EET schemes beyond that of
a traditional pair of donor and acceptor molecules has been a
highly active area of research. For instance, the theory of multi-
chromophoric FRET2 has been applied to demonstrate the role of
coherent exciton delocalization in photosynthetic light harvest-
ing.3–7 This coherence, which is due to excitonic coupling be-
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tween molecular emitters, has also been argued to increase EET in
mesoscopic multichromophoric assemblies8, with recent studies
even reporting micron-sized transfer ranges in H-aggregates.9,10
Along similar lines, a well-studied process is plasmon-coupled
resonance energy transfer,11 where molecules which are sepa-
rated several tens to hundreds of nanometers apart can efficiently
transfer energy between themselves due to the enhanced electro-
magnetic fields provided by the neighboring nanoparticles.12,13
Transfer between molecules across even longer distances can be
mediated by the in-plane propagation of surface plasmons (SP),
with micron14,15 and even sub-millimeter16 ranges reported in
the literature. Notably, the plasmonic effects in these last ex-
amples occur in the so-called weak-coupling regime, where the
energy exchange between excitons and plasmons is much slower
than their respective decays.
An intriguing advancement in PARET has recently been re-
ported by the Ebbesen group for cyanine dye J-aggregates
strongly coupled (SC) to a microcavity mode.17 For spatially sep-
arated slabs of donor and acceptor dyes placed between two mir-
rors, it was found that increasing the interslab spacing from 10
to 75 nm led to no change in the relaxation rate between the hy-
brid light-matter states or polaritons, thus revealing a remarkable
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distance independence of the process. Importantly, such PARET
phenomenon was already noted in an earlier work by the Lidzey
group18 with a different cyanine-dye system, although the inter-
slab spacing was not systematically varied there; similar work
was also previously reported for hybridization of Frenkel and
Wannier-Mott excitons in an optical microcavity.19 Motivated by
these experiments, we hereby present a quantum-mechanical the-
ory for polariton-assisted energy transfer which aims to charac-
terize the various types of PARET afforded by these hybrid light-
matter systems. To be concrete, we do so within a model where
the “photonic modes” are SPs in a metal film and consider spa-
tially separated slabs of donors and acceptor dyes which elec-
trostatically couple to one another as well as to the SPs. We
present a comprehensive formalism which encompasses the cases
where either one or both types of chromophores are strongly cou-
pled to the SPs. We apply our theory to a model system sim-
ilar to those reported by the Ebbesen and Lidzey groups. Our
work complements recent studies proposing schemes to enhance
one-dimensional exciton conductance.20,21 In those studies, the
delocalization afforded by SC is exploited to overcome static dis-
order within the molecular aggregate. Here, the emphasis is not
on disorder (surmountable also by polaritonic topological protec-
tion22), but rather on PARET between two different types of chro-
mophores, where energy harvested by one chromophore can be
collected in another. This focus on long-range capabilities, as well
as in-depth analyses of the rate contributions for the SC-induced
states, provide fresh perspectives on PARET. In particular, we of-
fer fascinating predictions for the experimentally unexplored sce-
nario of “photonic modes” strongly coupled to one of donors or
acceptors, in which the latter case was first theoretically investi-
gated for the chromophores in a microcavity.23
As a preview, we highlight the structure and the main conclu-
sions of this work (the latter are summarized in Table 1). We
begin by presenting the general Hamiltonian for spatially sepa-
rated slabs of donors and acceptor chromophores in Section 2.
EET rates for a single or both chromophores strongly coupled to
SPs are shown in Sections 2.1 and 2.2, respectively. In the for-
mer case, for SC to donors, the rates are shown to be dependent
on spectral overlap and can thus be modified for either EET en-
hancement or supression. This result is in stark contrast with that
of strongly coupling acceptors to SPs where, surprisingly, EET
to acceptor polariton states vanishes for large enough samples.
For the case when both chromophores strongly interact with SPs,
transfer is instead mediated by vibrational relaxation, but EET
rates are comparable to the previous case. In Section 3, we ap-
ply the formalism to study a model system resembling cyanine
dye J-aggregates. Our numerical simulations demonstrate that
applying SC to donors only enables PARET up to 1 micron. We
also show that sufficently high SC to acceptors induces a “carni-
val effect” that reverses the role of the donor and acceptor. Lastly,
when both chromophores are strongly coupled to SPs, we obtain
sizable EET rates at chromophoric separations over hundreds of
nanometers which are in good agreement with experiments.
2 Theory
We begin by describing the polaritonic (plexcitonic) setup that
we theoretically investigate. Let the chromophore slabs lie above
(z> 0) and parallel to the metal film that sustains SP modes (z<
0) (example schematic diagrams are given in Figs. 1a, 2a, 3a,
and 4a). We assume the metal film and the slabs are extended
along the xy (longitudinal) plane. The slabs of C = D,A (donor,
acceptor) chromophores consist of Nxy,C, Nz,C, and NC = Nxy,CNz,C
molecules in the xy-plane, z-direction, and total, respectively. An
effective Hamiltonian for this setup can be constructed as,
H = HD+HA+HP+HDA+HDP+HAP. (1)
The term HC = H
(sys)
C +H
(B)
C +H
(sys−B)
C is the Hamiltonian for the
slab with the C chromophores, where (denoting h¯ as the reduced
Planck constant)
H(sys)C = h¯ωC∑
i, j
|Ci j〉〈Ci j|, (2a)
H(B)C =∑
i, j
∑
q
h¯ωq,Cb†q,Ci jbq,Ci j , (2b)
H(sys−B)C =∑
i, j
|Ci j〉〈Ci j|∑
q
λq,Ch¯ωq,C(b†q,Ci j +h.c.), (2c)
represent the system (excitonic), bath (phononic), and system-
bath-coupling contributions, respectively. The label Ci j refers to
a C exciton located at the (i, j)-th molecule of the corresponding
slab [(i, j) indexes an (xy,z) coordinate]. We take everyCi j exciton
to have energy h¯ωC and neglect inter-site coupling since it pro-
vides an insignificant contribution to delocalization when com-
pared to the SP couplings. b†q,Ci j (bq,Ci j ) labels the creation (annihi-
lation) of a phonon of energy h¯ωq,C at the q-th vibrational mode of
the (i, j)-th molecule in the C slab. Given the molecular character
of the problem, vibronic coupling is assumed to be local: exciton
Ci j couples linearly to b
†
q,Ci j and bq,Ci j but not to modes in other
molecules; these couplings are characterized by Huang-Rhys fac-
tors λ 2q,C. The SP Hamiltonian HP = H
(sys)
P +H
(B)
P +H
(sys−B)
P has
similar form:24,25
H(sys)P =∑
~k
h¯ω~ka
†
~k
a~k, (3a)
H(B)P =∑
q
h¯ωq,Pb†q,Pbq,P, (3b)
H(sys−B)P =∑
~k
∑
q
gq,~k(b
†
q,Pa~k+h.c.), (3c)
where a†~k(a~k) labels the creation (annihilation) of a SP of energy
h¯ω~k and in-plane wavevector~k. Bath modes indexed by q,P with
corresponding operator b†q,P (bq,P) and energy h¯ωq,P are coupled
to each SP mode~k with strength gq,~k. Specifically, these SP inter-
actions occur with either electromagnetic or phonon modes and
represent radiative and Ohmic losses, respectively.25 The remain-
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Table 1 Comparison of different cases of PARET arising from SC to donors and/or acceptors.
SC to Features
Donors only
• PARET from donor polariton states; dominated by PRET contribution.
• Rate of EET from donor dark states ≈ bare FRET rate.
Acceptors only
• Low EET to acceptor polariton states due to their low density of states (compared to dark states)
and delocalized character.
• Rate of EET to acceptor dark states ≈ bare FRET rate.
• “Carnival effect”: acceptor and donor can reverse roles.
Donors and
Acceptors
• Polariton states hybridize and delocalize donors and acceptors.
• Rate of PARET from polariton to dark states  rate of PARET from dark/polariton to polariton
states due to relative density of final states. Dark-state manifolds are dense and act as traps.
• PARET mediated by vibrational relaxation.
ing rightmost terms in Eq. (1) represent the dipole-dipole inter-
actions amongst donors, acceptors, and SP modes. The HDA term
is given by the electrostatic (near-field) dipole-dipole interactions
between donors and acceptors,
HDA =∑
i, j
∑
l,m
µDµAκi jlm
r3i jlm
(|Alm〉〈Di j|+h.c.), (4)
where µC = |~µCi j | for transition dipole moment (TDM) ~µCi j cor-
responding to Ci j, ri jlm is the distance between Di j and Alm, and
κi jlm = µˆDi j · µˆAlm−3(µˆDi j · rˆi jlm)(µˆAlm · rˆi jlm) is the orientational de-
pendence of the interaction (we have ignored the corrections to
κi jlm due to reflected waves from the metal—despite their promi-
nent effects in phenomena such as photoluminescence26—since
they are numerically involved27 and do not significantly change
the order of magnitude of the bare dipole-dipole interaction; fur-
thermore their expected effects in HDA will be overwhelmed by
HCP, as we shall explain in Sections 2.1 and 3). For simplicity, we
take the permittivity on top of the metal to be a real-valued posi-
tive dielectric constant εd . The light-matter interaction for species
C is also dipolar in nature and is described by28
HCP =∑
i, j
∑
~k
µCκ~kCi j
√
h¯ω~k
2ε0SL~k
e−ad~kz j,Cei~k·~Ri,C |Ci j〉〈G|a~k+h.c. (5)
where (~Ri,C,z j,C) are the position coordinates of Ci j and |G〉 is
the electronic ground state (i.e., with no excitons). Just like in
HDA, each interaction between an SP mode and a chromophore
(indexed by~k andCi j, respectively) has an orientation-dependent
parameter κ~kCi j =−µˆCi j · (kˆ+
k
ad~k
zˆ), where ad~k =
√
|~k|2− εd(ω~k/c)2
is the real-valued evanescent SP decay constant on top of the
metal. The light-matter coupling also includes the quantization
length L~k
29 and area S of the SP. We refer the reader to ESI Sec-
tion S1 for further details of these terms.
The general Hamiltonian in Eq. (1) describes a complex many-
body problem consisting of excitons, SPs, and vibrations, all cou-
pled with each other. To obtain physical insight on the oppor-
tunities afforded by this physical setup, we consider in the next
sections two limit cases where either one or both chromophores
are strongly-coupled to the SP. The study of these two situations
already provides considerable perspective on the wealth of novel
EET phenomena hosted by this polaritonic system.
2.1 Case i: SC to only one chromophore C
We consider the case where one of the chromophores C (D or
A) is strongly-coupled to an SP but not the other, C′. This can
happen when the concentration or thickness of the C slab is suf-
ficiently high and that of the C′ slab low. Under these circum-
stances, we write Eq. (1) as H = H(i)0 +V
(i), where we define the
zeroth-order Hamiltonian as H(i)0 = H
(i)
sys+HB+Hsys−B. The sys-
tem, bath, and their coupling are respectively characterized by
H(i)sys = H
(sys)
D +H
(sys)
A +H
(sys)
P +HCP, HB = H
(B)
D +H
(B)
A +H
(B)
P , and
Hsys−B = H
(sys−B)
D +H
(sys−B)
A +H
(sys−B)
P . The perturbation describ-
ing the weak interaction between chromophore C′ and the SC
species is V (i) = HDA+HC′P. To diagonalize H
(i)
sys, we introduce a
collective exciton basis comprised of bright C states with in-plane
momenta matching those of the SP modes and ignore the very
off-resonant SP-exciton couplings beyond the first Brillouin zone
(FBZ) of the molecular system:28,30 H(i)sys =HC′+∑~k∈FBZH
(~k)
bright,C+
Hdark,C+∑~k/∈FBZ h¯ω~ka
†
~k
a~k, where
H(
~k)
bright,C = h¯ωC|C~k〉〈C~k|+ h¯ω~ka†~ka~k+gC(~k)(|C~k〉〈G|a~k+h.c.), (6a)
Hdark,C = H
(sys)
C − ∑
~k∈FBZ
h¯ωC|C~k〉〈C~k|. (6b)
For each ~k-mode in the FBZ, there is only one “bright” collec-
tive exciton state |C~k〉= 1gC(~k) ∑i, j µCκ~kCi j
√
h¯ω~k
2ε0SL~k
e−ad~kz j,Cei~k·~Ri,C |Ci j〉
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that couples to the ~k-th SP mode |~k〉 = a†~k |0〉, where gC(~k) =√
∑i, j
∣∣∣∣µCκ~kCi j
√
h¯ω~k
2ε0SL~k
e−ad~kz j,Cei~k·~Ri,C
∣∣∣∣2. In addition to the un-
coupled C′ states, H(i)sys has two polariton eigenstates |αC,~k〉 =
cC~kαC,~k |C~k〉+ c~kαC,~k |
~k〉 for α = UP,LP (upper and lower, respec-
tively), which are also eigenstates of H(
~k)
bright,C for each ~k ∈ FBZ;
throughout this work, cmn = 〈m|n〉. Furthermore, there is a large
reservoir of NC−Nxy,C = Nxy,C(Nz,C− 1) “dark” (purely excitonic)
eigenstates |dC,~k〉 (d = 0,1, · · ·Nz,C−2) which are also eigenstates
of Hdark,C with bare chromophore energy h¯ωC.
EET rates between C and uncoupled C′ states can be derived
by applying Fermi’s golden rule; the corresponding perturbation
V (1) connects vibronic-polariton eigenstates of H(i)0 as in FRET
and MC-FRET theories2,31–33. For simplicity, we also invoke weak
system-bath coupling Hsys−B, from which the following expression
can be obtained,34,35
γF←I ≈ 2pih¯ |〈F |V
(i)|I〉|2JF,I . (7)
This is the rate of transfer between H(i)sys eigenstates |I〉 and |F〉,
where JF,I is the spectral overlap between absorption and emis-
sion spectra, which depend on HB and Hsys−B (see Section S2.1
for derivation of γF←I and expression for JF,I). Since our fo-
cus is to understand the general timescales expected for the
PARET problem, in Section 3 we treat the broadening of elec-
tronic/polaritonic levels due to Hsys−B to be Lorentzian, although
more sophisticated lineshape theories can be utilized if needed.36
Furthermore, we can in principle also refine Eq. (7) to consider
the complexities of vibronic mixing between the various eigen-
states of H(i)sys, as done in recent works by Jang and Cao.2,31–33
It follows from Eq. (7) that the rates from donor states—either
polaritons with given wavevector~k or a uniform mixture of dark
states with occupation pD~k =
1
ND−Nxy,D for all d,
~k—to the incoher-
ent set of all bare acceptor states are,
γA←αD,~k =
2pi
h¯ ∑l,m
|〈Alm|HDA+HAP|αD,~k〉|2JA,αD,~k , (8a)
γA←darkD =
2pi
h¯(ND−Nxy,D)∑l,m ∑~k∈FBZ
∑
d
|〈Alm|HDA|dD,~k〉|2JA,dD,~k ,
(8b)
Here, we notice that γA←αD,~k in Eq. (8a) can be enhanced or su-
pressed relative to bare (in the absence of metal) FRET due to
additional SP-resonance energy transfer (PRET) channel given by
HAP, as well as the spectral overlap JA,αD,~k that can be modified
by tuning the energy of |αD,~k〉. Similar findings were obtained
for electron transfer with only donors strongly coupled to a cav-
ity mode.37 Given that |αD,~k〉 corresponds to a delocalized state,
one would expect a superradiant enhancement of the rate;4,5 in
practice, this effect is minor due to the distance dependence of
HDA (see Section S2.3). On the other hand, Eq. (8b) presents
an averaged rate γA←darkD from the dark states and hence does
not feature a PRET term. In fact, it converges (see Section S2.5
for derivation) to the bare FRET rate (Eq. (12b) below) in the
limit of large ND  Nxy,D (when there are many layers of chro-
mophores along z) and isotropically averaged and orientationally
uncorrelated TDMs ~µCi j for both C = D,A.
In contrast, strongly coupling the acceptor states to SPs yields
the following rates:
γαA←D =
2pi
h¯ND
∑
~k∈FBZ
∑
i, j
|〈αA,~k|HDA+HDP|Di j〉|2JαA,~k ,D, (9a)
γdarkA←D =
2pi
h¯ND
∑
~k∈FBZ
∑
d
∑
i, j
|〈dA,~k|HDA|Di j〉|2JdA,~k ,D. (9b)
Here, we have calculated average rates over the ND possible ini-
tial states at the D slab and summed over all final states for each
polariton/dark band. Given the asymmetry of Fermi’s golden rule
with respect to initial and final states (rates scale with the proba-
bilities of occupation of initial states and with the density of final
states),4 the physical consequences of Eq. (9) are quite differ-
ent to those of its counterpart in Eq. (8) when NA  Nxy,A and
all TDMs are isotropically averaged and feature no orientational
correlations amongst them. First, it is interesting to note that the
rate of EET to the polariton states is reduced substantially com-
pared to the bare FRET rate when the average |〈Alm|HDA|Di j〉|2
is greater than the average |〈~k|HDP|Di j〉|2 (see Section S2.7 for a
formal derivation of this statement). At first sight, this appears
to be counterintuitive in light of the various recently reported
phenomena which are enhanced upon exciton delocalization.38
Nevertheless, this statement is actually easily understood from
a final-density-of-states argument (see Eq. (9a)): ∑~k∈FBZ reflects
the Nxy,A bright acceptor collective modes that contrbute to γαA←D,
as opposed to the NA localized acceptor states that contribute to
the bare FRET rate. On the other hand, γdarkA←D behaves simi-
larly to Eq. (8b) in that it converges (see Eqs. (13b) and (S30a))
to the bare FRET rate. Thus, at donor-acceptor separations where
the square of the coupling for FRET exceeds on average that for
PRET, the inequality γαA←D γdarkA←D is expected to hold.
Our analyses of Eqs. (8) and (9) reveal one of the main conclu-
sions of this letter: while strongly coupling to D but not to A might
yield a D→ A EET rate change with respect to the bare case, strong
coupling to A but not to D will change that process in a negligible
manner. Interestingly, these trends have also been observed for
transfer between layers of donor and acceptor quantum dots se-
lectively coupled to metal nanoparticles in the weak-interaction
regime.39 However, polariton formation with A is not useless, for
one may consider the interesting prospect of converting A states
into new donors. As we shall show in the next paragraphs, this
role reversal or “carnival effect” can be achieved when the UP is
higher in energy than the bare donor states. These findings are
quite general and should apply to other molecular processes as
long as the interactions between reactants and products (taking
the roles of donors and acceptors) also decay at large distances, a
scenario that is chemically ubiquitous.40
4 | 1–S18Journal Name, [year], [vol.],
2.2 Case ii: SC to both donor and acceptor chromophores
We next consider strongly coupling SPs to both donors and accep-
tors. We rewrite Eq. (1) as H = H(ii)0 +V
(ii), where H(ii)0 = H
(ii)
sys +
HB and the perturbation is V (ii) = Hsys−B. Here, H
(ii)
sys = H
(sys)
D +
H(sys)A +HDP+HAP+HDA+HP is the polariton Hamiltonian. The
EET pathways of interest become those where Hsys−B induces vi-
brationally mediated relaxation among the delocalized states re-
sulting from SC. The transfer rates describing these processes can
be deduced by Fermi’s golden rule too, the resulting expressions
coinciding with those derived with Redfield theory.41 Although
not necessary, we take Nxy,D = Nxy,A = Nxy to avoid mathematical
technicalities about working with two ~k grids of different sizes,
a complication that does not give more insight into the physics
of interest. As done in Section 2.1, we rewrite H(ii)sys in ~k-space:
H(ii)sys = ∑~k∈FBZH
(~k)
bright +Hdark,D +Hdark,A +HDA +∑~k/∈FBZ h¯ω~ka
†
~k
a~k,
where
H(
~k)
bright = h¯ωD|D~k〉〈D~k|+ h¯ωA|A~k〉〈A~k|+ h¯ω~ka†~ka~k (10)
+gD(~k)(|D~k〉〈G|a~k+h.c.)+gA(~k)(|A~k〉〈G|a~k+h.c.),
and the terms labeled dark are defined analogously to those in
Eq. (6b). For each~k ∈ FBZ, there are three polariton eigenstates
of H(
~k)
bright that are linear combinations of |D~k〉, |A~k〉, and |~k〉, and
we call them UP, middle polariton (MP), and LP, according to
their energy ordering. In addition, the presence of Hdark,C yields
NC−Nxy,C dark C eigenstates.
The resulting expressions for the rates of transfer from a single
polariton state or average dark state to an entire polariton or dark
state bands are
γβ←α~k = ∑
~k′∈FBZ
∑
C
|cC~k′β~k′ |
2|cC~kα~k |2∑
i, j
|cCi jC~k′ |2|cCi jC~k |2RC(ωβ~k′α~k ),
(11a)
γα←darkC =
1
NC−Nxy ∑~k′∈FBZ
∑
~k∈FBZ
∑
d
|cC~k′α~k′ |2|cC~kdC,~k |
2
×∑
i, j
|cCi jC~k′ |2|cCi jC~k |2RC(ωα~k′C), (11b)
γdarkC←α~k = ∑
~k′∈FBZ
∑
d
|cC~k′dC,~k′ |
2|cC~kα~k |2∑
i, j
|cCi jC~k′ |2|cCi jC~k |2RC(ωCα~k ),
(11c)
for α,β = UP,MP,LP and C = D,A (see Section S3.1 for deriva-
tion of Eqs. (11)). To intuitively understand Eq. (11a), note
that |cC~kα~k |2|cCi jC~k |2 and |cC~k′β~k′ |2|cCi jC~k′ |2 are the fractions of exci-
ton |Ci j〉 in the polariton states |α~k〉 and |β~k′〉, respectively, while
RC(ωβ~k′α~k ) is the single-molecule rate of vibrational relaxation
at the energy difference ωβ~k′ −ωα~k . More specifically, RC(ω) =
2piΘ(−ω)[n(−ω)+1]JC(−ω)+2piΘ(ω)n(ω)JC(ω), where Θ(ω)
is the Heaviside step function, n(ω) = 1
eh¯ω/kBT−1 is the Bose-
Einstein distribution function (kB is the Boltzmann constant and
T is temperature) for zero chemical potential µ = 0, andJC(ω)=
∑q λ 2q,Cω
2
q,Cδ (ω −ωq,C) is the spectral density for chromophore
C.41 Hence, one can interpret β ← α~k as a sum of incoherent
processes (over C and i, j) where the (local) vibrational modes
in Ci j absorb or emit phonons concomittantly inducing popula-
tion transfer between the various eigenstates of H(ii)sys . Eqs. (11b)
and (11c) can be interpreted in a similar light. We shall com-
ment on some important qualitative trends in these rates while
for simplicity assuming that Nz,D = Nz,A = Nz. First, EET from po-
lariton or dark states to a polariton band (Eqs. (11a) and (11b))
scale as RCNz . To see this, note that both |cC~k′β~k′ |2 and |cC~kα~k |2 are
O(1), while |cCi jC~k′ |2 and |cCi jC~k |2 are O( 1NxyNz ), but the summations
∑~k∈FBZ and∑i, j are respectively carried over Nxy and NxyNz terms.
On the other hand, γdarkC←α~k takes values that are on the order
of the single-molecule decay RC(ωCα~k ). For sufficiently large Nz,
these scalings are consistent with previous studies on relaxation
dynamics of polaritons42–44 and can be summarized as follows:
the dominant channels of relaxation are from the polariton states
to a reservoir of dark states that share the same exciton charac-
ter; their timescales are comparable to those of the corresponding
single-chromophore vibrational relaxation; given the large den-
sity of states in this reservoir compared to the polariton bands,
the dark states act as a population sink or trap from which popu-
lation can only leak out very slowly.44,45
3 Application of the theory
The theory above is now applied to study EET kinetics associated
with slabs of chromophores with h¯ωD = 2.1 eV, h¯ωA = 1.88 eV;
these transition energies are chosen to match those of the J-
aggregated cyanine dyes (TDBC and BRK5714, respectively) used
in previous polariton experiments17,46. For simplicity, this section
assumes T = 0 and thus only considers downhill transfers to/from
polariton and dark states. We describe the metal with Drude per-
mittivity of silver (ωp = 9.0 eV, ε∞ = 1;47 see Section S1) and all
medium at z > 0 (including molecular slabs) with εd = 1. We
model spectral overlaps (Eqs. (8) and (9)) with Lorentzian func-
tions JF,I =
ΓI+ΓF
2
pi[( ΓI+ΓF2 )2+(h¯ωFI)2]
whose parameters are estimated as
in Section S2.2; we set ΓA ≈ ΓD = 47 meV to represent observed
values for absorption of TDBC48 and ΓP,~k =
vg(~k)
L~k
,28 where vg(~k)
is the SP group velocity. Rigorous treatments of lineshape func-
tions have been previously reported in MC-FRET literature and
could be applied to this problem as well,32,33,49,50 although this
effort is beyond the scope of our work. We even neglect differ-
ences in TDMs and assign µD = µA = 10 D, a typical number for
cyanine-dyes.51
We now proceed to simulations for Case 1, where only one of
the molecular species forms polaritons. For simplicity, we assume
isotropically oriented and spatially uncorrelated dipoles, upon
which we find the interesting observation that the transfer rates in
Eq. (8) can be approximately decomposed into incoherent sums
of FRET and PRET rates (see Sections S2.4 and S2.5 for more
explicit expressions, derivations, and justification of validity),
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γA←αD,~k ≈
2pi
h¯ ∑l ∑i, j
(
|cD~kαD,~k |2|cDi jD~k |2|〈Al0|HDA|Di j〉|2
+|c~kαD,~k |
2|〈Al0|HAP|~k〉|2
)
JA,αD,~k , (12a)
γA←darkD = γbare FRET =
2pi
h¯ND
∑
l
∑
i, j
|〈Al0|HDA|Di j〉|2JA,D, (12b)
where, as explained above, only γA←αD,~k differs from γbare FRET.
More concretely, we consider a 35-nm-thick slab of donors with
1×109 molecules/µm3 on top of a 1 nm spacer placed on a plas-
monic metal film. We set the monolayer slab of acceptors with
1×104 molecules/µm2 at varying distances from the donors (Fig.
1a). Then the collective couplings of the donor-resonant SP mode
at |~k| = 1.1× 107 m−1 to donors and acceptors is gD = 155 meV
and gA ≤ 2.5 meV, respectively. When there is no separation be-
tween donor and acceptor slabs, rates > 1 ns−1 (Fig. 1b) are
obtained for transfer to acceptors from the UP (∼ 10 ns−1), LP
(∼ 100 ns−1), or the set of dark states (∼ 10 ns−1). As separation
increases however, the rate from dark states decays much faster
than those from either UP or LP. This difference stems from the
slowly decaying PRET contribution of the polaritons, as well as
the totally excitonic character of the dark states, which can only
undergo FRET but not PRET (Fig. 1a,b). In fact, for large dis-
tances, the FRET contribution becomes significantly overwhelmed
by PRET (Fig. 1c), in consistency with previous studies in the
weak SP-coupling regime.52 As the distance between slabs ap-
proaches 1 µm, it is fascinating that while transfer from dark
states (and thus bare FRET) practically vanishes, the rate from
either UP (∼ 1 ns−1) or LP (∼ 0.01 ns−1) is still on the order of
typical fluorescence lifetimes.53 In FRET language, this PARET
can be said to have a FÃu˝rster distance in the µm range, or to be
1000-fold greater than the typical nm-range.54 Interestingly, the
LP rate exceeds the UP one by 1-2 orders of magnitude at all sep-
arations due to greater spectral overlap with the acceptor (Figs.
1a and S1).
In contrast, strongly coupling the acceptors to a resonant SP
mode does not lead to the aforementioned PARET from donors to
acceptors (Fig. 2). Making the same assumptions as above about
the isotropically oriented and spatially uncorrelated dipoles gives
(Section S2.7),
γαA←D ≈
2pi
h¯ND
∑
~k∈FBZ
∑
i
(
∑
l,m
|cA~kαA,~k |2|cAlmA~k |2|〈Alm|HDA|Di0〉|2
+|c~kαA,~k |
2|〈~k|HDP|Di0〉|2
)
JαA,~k ,D, (13a)
γdarkA←D = γ
′
bare FRET =
2pi
h¯ND
∑
i
∑
l,m
|〈Alm|HDA|Di0〉|2JA,D. (13b)
We consider (Fig. 2a) a 50 nm-thick acceptor slab with a con-
centration of 1× 109 molecules/µm3 on top of the 1 nm spacer
placed on the metal, and a monolayer of donors with concen-
Fig. 1 (a) Schematic energy-level diagram showing the EET transitions
from donors strongly coupled to SPs to bare acceptors . The thickness
of the horizonal lines denotes the density of states while the thickness of
arrows corresponds to rate of transition (thicknesses not drawn to scale).
Inset: representation of the EET process from a thick and dense slab
of donors (featuring SC to SPs) to a dilute monolayer of acceptors. (b)
Rates as a function of donor-acceptor separation ∆z for EET from donor
polariton and dark states to acceptors (lines). The rate from dark states
and for the bare-donor FRET (dots), are calculated in the same manner.
(c) Contributions of rates for transfer from donor UP and LP to acceptor
states due to donor-acceptor and SP-acceptor interactions.
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Fig. 2 (a) Schematic energy-level diagram showing the EET transitions
from bare donors to acceptors strongly coupled to SPs. The thickness
of the horizonal lines denotes the density of states while the thickness
of arrows corresponds to rate of transition (thicknesses not drawn to
scale). Inset: representation of the EET process from a dilute mono-
layer of donors to a thick and dense slab of acceptors (featuring SC to
SPs). (b) Rates as a function of donor-acceptor separation ∆z for energy
transfer from donors to acceptor polaritons and dark states (lines). The
rate to dark states and for bare-acceptor FRET (dots), are calculated in
the same manner.
tration 1× 104 molecules/µm2 at varying distances from the ac-
ceptors. Notice that γdarkA←D becomes another bare FRET rate
like in Eq. (12b). For γαA←D, we still see that PRET still domi-
nates over FRET for long distances (Fig. S2). However, due to
the suppression of γαA←D relative to γdarkA←D explained in Sec-
tion 2.1, the limited spatial range of interactions of HDA and HDP,
and the fact that the donor energy is lower than that of |UPA,~k〉for
most ~k ∈ FBZ (Fig. S3), the rates to acceptor polaritons fall be-
low fluorescence timescales53 and therefore offer no meaningful
enhancements with respect to the bare FRET case (Fig. 2b).
Coupling SPs to acceptors need not, however, be a disapoint-
ment. Increasing the collective coupling to gA = 237 meV while
keeping gD = 1.7meV lifts the acceptor UP energy h¯ωUPA,~k to be
higher than h¯ωD (Figs. 3a and S4), thus allowing for the car-
nival effect where the donors and acceptors reverse roles. Due
to sufficient spectral overlap between the acceptor UP and donor
states (Figs. 3a and S4), transfer from UP occurs at ∼ 100 ns−1
for donor-acceptor separation of 1 nm and drops only to ∼ 1 ns−1
when this separation approaches 1 µm (Fig. 3b). On the other
hand, neither the acceptor dark nor LP states contribute to this re-
versed PARET given their lack of spectral overlap with the donors
and detailed balance (especially at T = 0), . This result provides
the second main conclusion of our work: polaritons offer great
versatility to control spectral overlaps without actual chemical mod-
ifications to the molecules and can therefore endow them with new
physical properties. Before proceeding to simulations for Case ii, it
should first be noted that while our model neglects intermediate-
and far-field donor-acceptor dipole-dipole interactions that be-
come relevant at ∼ µm distances, these couplings are expected
to be small compared to PRET couplings and therefore should
not change our results for Case i qualitatively but can be mod-
eled according to previous literature.55 Second, we highlight that
the PARET from UP to donors for the donors-only and reversed
cases of SC may not be readily observable in experiments due to
their competition with fast vibrational relaxation to dark states
(~10-100 fs for exciton-microcavity systems),42,56–59 as will be
discussed next for both donors and acceptors strongly coupled to
SPs.
Finally, for strongly coupling both chromophores to the same
SP mode, we limit ourselves to donor-acceptor separations ≥ 10
nm to ignore HDA terms (an approximation validated by the cal-
culations above demonstrating that at such distances, rate contri-
butions of PRET overwhelm those of FRET ). The thickness (35
nm) and density (1× 109 molecules/µm−3) of each slab is large
enough to allow for SC of a SP mode to both chromophores sepa-
rated by ∼ 400 nm (Fig. S5), even though we set the donor to be
in resonance with the SP (Fig. 4). To evaluate the rates derived
(Section S3.2) from Eq. (11) under condition NC Nxy,C for C =
D,A, we introduce a spectral density representing intramolecu-
lar exciton-phonon coupling of TDBC:JA(ω)≈JD(ω) =J (ω),
where
J (ω) = ∑
q∈BTDBC
λ 2qω
2
q
Γ/h¯
2
pi[(Γ/h¯2 )2+(ω−ωq)2]
, (14)
Γ= 47 meV is equal to the chromophore decay energy, and BTDBC
is the discrete set (Section S3.2) of localized vibrational modes
which significantly couple to each TDBC exciton; such coupling
has been experimentally56–60 and theoretically supported as the
mechanism of vibrational relaxation for the dye42,43,61–63; our
spectral density has been reconstructed from the works of Agra-
novich and coworkers42,43. By placing the donor slab on top of
the spacer on the metal and varying the acceptor position on top
of the donors (Fig. 4a), we find that for all donor-acceptor sepa-
rations, the rates of PARET from UP to dark donors (∼ 105 ns−1)
and MP to dark acceptors (∼ 104 − 105 ns−1) are substantially
higher compared to those from dark donors to MP (∼ 103 ns−1)
and dark acceptors to LP (∼ 103 ns−1) (Fig. 4b). These observa-
tions are in agreement with our discussion above, where the dark
state manifolds act as population sinks due to their high density
of states. Indeed, we also notice that the rates for UP→ darkD
and MP→ darkA are enhanced (Fig. 4b) compared to those of
Journal Name, [year], [vol.],1–S18 | 7
Fig. 3 (a) Schematic energy-level diagram showing the “carnival-effect”-
EET role-reversal process from acceptor UP state to bare donors. Insets:
(top) cartoon illustrating the “carnival effect” between donors and accep-
tors and (bottom) representation of the reversed-role EET process from a
thick and dense slab of acceptors (featuring SC to SPs) to a dilute mono-
layer of donors. (b) Rate as a function of donor-acceptor separation ∆z
for energy transfer from acceptor UP to bare donors.
UP→MP and MP→ LP, respectively, by approximately Nz = 35,
the analytically estimated ratio solely based on the associated
density of final states. Another interesting detail seen from Fig.
4b is that the UP→ MP (MP→ LP) rate with respect to the in-
terslab distance ∆z is essentially parallel to that of UP→ darkD
(MP → darkA). This is a consequence of the MP (LP) having
mostly donor (acceptor) energy (Fig. S7) and character (Fig. S8)
for most points in the FBZ. The UP→ darkA and UP→ LP pro-
cesses behave similarly (Fig S6).
These calculated rates even establish consistency with a num-
ber of recent notable experiments. First, our results corroborate
the experimental observation of efficient PARET for separated
donor and acceptor slabs of cyanine dyes strongly coupled to a
microcavity.17,18 While our SP model for the SC of both exci-
tons cannot account for the exact distance-independent PARET17
amongst donor and acceptor slabs in a microcavity, the rates
are essentially constant over hundreds of nanometers due to the
slowly decaying SP fields. Additional validation of our theory
can be obtained by comparing directly to experimentally fitted
rates for a blend of two cyanine dyes where physical separation
of the dyes did not significantly change the observed photolu-
minescence.18 In our work, we obtained rates that sum across
the whole polariton band in the FBZ; in practice, experiments
probe polariton photoluminescence around a narrow window of
wavevectors close to the anticrossing (∼ 106− 107 m−1 in48) ac-
counting for a small fraction (∼0.1 %) of the states in the FBZ.
If we take this experimental detail into account, we notice good
agreements with our theory (see Table 2). As an aside, we note
that there are other experimental subtleties, notably competing
processes such as cavity leakage (~100-1000 fs for microcavity
experiments),58,59,64 that we have not considered but may influ-
ence the observation of the EET phenomena predicted throughout
this work for the two cases of SC.
Given the significant differences between the microcavity-65,66
and SP-based67 systems, let alone experimental uncertainty, the
accordance between our theory and the aforementioned exper-
iments highlights the remarkable robustness of cavity strong-
coupling of donor and acceptor excitons as a method for PARET.
Moreover, we have arrived at the third main conclusion of this
paper: when donor and acceptors are both strongly coupled to a
photonic mode, efficient energy exchange over hundreds of nm can
occur via vibrational relaxation; more generally, local vibrational
couplings can induce nonlocal transitions given sufficient delocal-
ization of the polariton species— irrespective of spatial separation.
Seemingly “spooky”, this action at a (far) distance is a manifesta-
tion of donor-acceptor entanglement resulting from strong light-
matter coupling.68 While this relaxation mechanism and entan-
glement is present in typical molecular aggregates,69,70 the nov-
elty in the polariton setup is the remarkable mesoscopic range of
interactions that are effectively produced.
4 Conclusions
In summary, we have theoretically calculated experimentally con-
sistent rates of PARET for various cases of SC. We employed a po-
lariton (plexciton) setup consisting of a metal whose SP modes
couple to donor and/or acceptor chromophores. For strongly
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Fig. 4 (a) Schematic energy-level diagram showing the EET transitions
among polariton and dark states for both donors and acceptors strongly
coupled to SPs. The SP mode is resonant with the donor transition; the
donor slab lies 1 nm above the metal and has fixed position (z> 0) while
the acceptor slab is moved in the +z-direction to vary ∆z. The thickness
of the horizonal lines denotes the density of states while the thickness of
arrows corresponds to rate of transition (thicknesses not drawn to scale).
Inset: representation of the setup featuring thick and dense slabs for both
types of chromophores. (b) Rates for selected downhill transitions as a
function of donor-acceptor separation ∆z.
coupling a single type of chromophore to SPs, we have demon-
strated that energy transfer starting from delocalized states can
be enhanced due to increased spectral overlap compared to the
bare FRET case. Astonshingly, this transfer can remain fast up
to 1 µm due to slowly decaying PRET with respect to metal-
chromophore separation when compared to the faster decaying
interchromophoric dipole-dipole coupling. Also, we have shown
that delocalizing the acceptors is a poor strategy to enhance EET
starting from the donors, but can lead to an intriguing and ef-
ficient role reversal (carnival effect) when starting from the ac-
ceptors. These observations shed new light on the timely debate
of how to harness coherence to enhance molecular processes.38
Given their generality, they can also be applied to guide the de-
sign of polaritonic systems to control other chemical processes
that have similar donor-acceptor flavor (e.g., cis-trans isomeriza-
tion,30,71 charge transfer,72 dissociation,72 electron transfer,37
singlet fission73). Finally, our calculated rates support vibrational
relaxation as the mechanism of PARET when both donors and ac-
ceptors are strongly coupled to a cavity mode. The results ob-
tained in this work affirm light-matter SC as a promising and
novel means to engineer novel interactions between molecular
systems across mesoscopic lengthscales, thus opening doors to
remote controlled chemistry.
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Table 2 Comparison between PARET rates for donor and acceptor cyanine dye J-aggregates strongly coupled to SP (theory) and microcavity (experi-
ment) modes.
γ SP
(theory)a
SP
(theory;
experimental
polariton bands)b
Microcavity
(experiment)c
UP→ darkD (10 fs)−1 (10 fs)−1 (34 fs)−1
darkD→MP (1 ps)−1 (1000 ps)−1 (603 ps)−1
MP→ darkA (10-100 fs)−1 d (10-100 fs)−1 d (8.5 fs)−1
darkA→LP (1 ps)−1 (1000 ps)−1 (228 ps)−1
aThese orders of magnitudes represent the ranges of rates shown in Fig. 4b. bRates accounting for the fact that in typical polariton
photoluminescence experiments, only a small fraction (∼ 0.1% of wavevectors in the FBZ) of final polariton states near the
anticrossing is probed.48 cPhotoluminescence-fitted rate constants describing the PARET processes for a blend of J-aggregating
NK-2707 (donors) and TDBC (acceptors) cyanine dyes both strongly coupled to a microcavity mode.18 dThe corresponding rate (see
Fig. 4b) spans two order of magnitudes.
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S1
S1 SP modes: additional details
Eq. (3a) and (5) in the main text correspond to Hamiltonians representing the SP modes and their coupling with excitons, respectively.
SP modes emerge at the interface of a metal (z< 0 ) and dielectric medium (z> 0) and are assumed to be infinitely delocalized in the
xy-plane (in practice, they are localized up to a coherence length, but this detail is not important for the time being). For simplicity, the
dielectric medium—which contains both donor and acceptor slabs—is taken to have the same real-valued positive dielectric constant
εd at all points within. The metal is assumed to have a Drude permittivity εm(ω) = ε∞− ω
2
P
ω2+iωγ , where ωP is the plasma frequency, ε∞ is
the high-frequency metal permittivity, and γ is the damping constant; we set γ → 0 in this formalism to get lossless modes and assume
that coupling of SPs to environments that induce their relaxation processes is caused by H(sys−B)P (see Eq. (3c)). Here are additional
definitions for terms defined in Eqs. (3a) and (5) for each SP mode of in-plane momentum~k74:
• The SP mode frequency is ω~k = |~k|c
√
εd+εm(ω)
εdεm(ω)
, where c is the speed of light in vacuum.
• The evanescent decay constants for the dielectric medium and metal are given by a j~k =
√
|~k|2− ε j(ω~k) (ω~k/c)2, where j = d, m.
• The ~k-dependent quantization length is L~k = −εm|ad~k | +
1
2|am~k |
 d(ωεm(ω))
dω
∣∣∣∣∣
ω=ω~k
(
εm−εd
εm
)
− εm− εd
. It was previously reported in the
literature29 with an additional factor of 12 ; we believe our displayed expression here is correct (see SI in
22).
The formalism associated with Eq. (5) has been previously utilized in other contexts.22,26,28,30
S2 Case i
S2.1 Derivation of EET rate Eq. (7)
Here we derive Eq. (7) of the main text by following works of Sumi75 and Cao.33 This formula describes the rate of transfer from
eigenstate |I〉 to eigenstate |F〉 of H(i)sys due to perturbation V (i) (Section 2.1), where |I〉 and |F〉 are excitonic/polaritonic states for the
donor and acceptor, respectively.
For notational simplicity, we define for this derivation H ′D and H ′A to be the donor and acceptor Hamiltonian, respectively, such that
H ′C = HC+HP+HCP for the chromophore C that is strongly coupled to a SP mode and H
′
C′ = HC′ for the other chromophore C
′, which
is weakly coupled to all SP modes. We also introduce the definitions H ′(sys/B)C = HC
(sys/B)+H(sys/B)P and H
′(sys/B)
C′ = H
(sys/B)
C′ . Then we
note for clarity that H ′(sys)A |I〉= H
′(sys)
D |F〉= 0. In addition, H(i)0 = H ′D+H ′A has eigenstates {|D〉} ({|A 〉}) that are also eigenstates of H ′D
(H ′A) and whose excitonic/polaritonic-system component represents only donor (acceptor) but bath component represents all of donor,
acceptor, and SPs.
Assuming excitation of donor followed by thermal equilibration occurs before EET, the initial density matrix of the system and bath
is assumed to be ρ0 = ρ
(sys−B)
D ρ
(B)
A =∑D p0,D |D〉〈D |, where p0,D is the equilibrium occupation probability of system-bath state |D〉. The
constituent density matrices ρ(sys−B)D =
e−H
′
D/kBT
tre−H
′
D/kBT
and ρ(B)A =
e−H
′(B)
A /kBT
tre−H
′(B)
A /kBT
respectively represent the pre-EET equilibrium distribution of
donor excited vibronic and acceptor ground vibrational states, in corresponding tensor products with photon states. Then the rate of
transfer from |I〉 to |F〉 given by Fermi’s golden rule is
γF←I =
2pi
h¯ ∑D ,A
p0,D |〈PFA |V (i)|PID〉|2δ (h¯ωA ,D ), (S1)
The state |PID〉 (|PFA 〉) results from projection PI = |I〉〈I| (PF = |F〉〈F |) of the system component of |D〉 (|A 〉) onto |I〉 (|F〉). To
express this equation in the (purely electronic/polaritonic) eigenbasis {|D〉}∪{|A〉} of H(i)sys, we first use the fact that the bath modes on
each type of chromophore are independent (see Eqs. (2b) and (2c)) and write the time-domain expression:
γF←I =
1
h¯2
∫ ∞
−∞
dt ∑
D ,A
p0,D 〈PID |V (i)|PFA 〉〈PFA |e−iH
(i)
0 t/h¯V (i)eiH
(i)
0 t/h¯|PID〉
=
1
h¯2
∫ ∞
−∞
dt∑
D
p0,D 〈PID |V (i)PFe−i(H
′
A+H
′(B)
D )t/h¯V (i)ei(H
′
D+H
′(B)
A )t/h¯|PID〉, (S2)
where in the second line, we have used ∑A |PFA 〉〈PFA |e−iH
(i)
0 t/h¯ =PFe−i(H
′
A+H
′(B)
D )t/h¯ and eiH
(i)
0 t/h¯|PID〉= ei(H ′D+H
′(B)
A )t/h¯|PID〉. Using
the independence of the D,A vibrational bath modes, we obtain
γF←I =
1
h¯2
∫ ∞
−∞
dt∑
D′
∑
A′
V (i)IF V
(i)∗
D′A′ trbD{e−iH
′(B)
D t/h¯〈D′|eiH ′Dt/h¯PIρ(sys−B)D |D〉}trbA{eiH
′(B)
A t/h¯ρ(B)A 〈F |e−iH
′
At/h¯|A′〉} (S3)
S2
for V (i)D′A′ = 〈D′|V (i)|A′〉; here, trbC denotes a trace over the bath degrees of freedom associated with C. In the limit of weak exciton-bath
coupling, [eiH
′
Dt/h¯,PI ]≈ 0, and 〈D′|eiHDt/h¯ρ(sys−B)D |I〉 ≈ 0 (〈F |e−iHAt/h¯|A′〉 ≈ 0) for D′ 6= I (A′ 6= F). Then
γF←I ≈ 1
h¯2
|V (i)FI |2
∫ ∞
−∞
dt trbD{e−iH
′(B)
D t/h¯〈I|eiH ′Dt/h¯ρ(sys−B)D |I〉}trbA{eiH
′(B)
A t/h¯ρ(B)A 〈F |e−iH
′
At/h¯|F〉}. (S4)
To proceed further, let us define the operators
IF (ω) =
1
2pi
∫ ∞
−∞
dt eiωt trbA{eiH
′(B)
A t/h¯ρ(B)A 〈F |e−iH
′
At/h¯|F〉}, (S5)
EI(ω) =
1
2pi
∫ ∞
−∞
dt e−iωt trbD{e−iH
′(B)
D t/h¯〈I|eiH ′Dt/h¯ρ(sys−B)D |I〉}, (S6)
representing the spectra for absorption of acceptor state F and emission of donor state I, respectively. Also, denote the corresponding
spectral overlap as
JF,I =
1
h¯
∫ ∞
−∞
dω EI(ω)IF (ω). (S7)
Eq. (S4) then yields,
γF←I ≈ 2pih¯ |V
(i)
FI |2JF,I , (S8)
which is Eq. (7) of the main text; in other words, the spectral overlap JF,I takes on the role of a density of final states for a Fermi golden
rule rate. We note that for our simulations where the donors and acceptors are reversed (see Sections 3 and S2.9), Eq. (S8) still applies
except D, I (A,F) now refer to acceptors (donors).
S2.2 Estimation of spectral overlaps
As an illustration of the application of our theory, in this subsection, we develop a simplified Lorentzian overlap model to compute JF,I
at temperature T = 0. To write Eqs. (S5) and (S6) as Lorentzian lineshapes, we follow a Feshbach projection operator approach.36,76–78
While we proceed with the specific case of only donors strongly coupled to a SP (i.e., H ′A =HA and H
′
D =HD+HP+HDP), the derivation
can be readily extended to the case of acceptors strongly coupled to a SP.
Define the projectors
PA =∑
l,m
|Alm〉〈Alm|⊗ |0B〉〈0B|, (S9)
PD =∑
i, j
|Di j〉〈Di j|⊗ |0B〉〈0B|+ ∑
~k∈FBZ
|~k〉〈~k|⊗ |0B〉〈0B| (S10)
(|0B〉 is the vacuum state for chromophores and SP bath modes, and |~k〉= a†~k |0〉), which map vibronic (possibly including photonic com-
ponent) states onto electronic/photonic—i.e., “bathless”—states. Let the identity on the entire set of degrees of freedom be 1sys−B and
define the projectors QA = 1sys−B−PA and QD = 1sys−B−PD. Then the time-dependent Schrödinger equation ddt |ψ(t)〉=− ih¯H ′C|ψ(t)〉
for C = D,A can be rewritten as the coupled equations
− i
h¯
PCH
′
CPC|PCψ(t)〉−
i
h¯
PCH
′
CQC|QCψ(t)〉=
d
dt
|PCψ(t)〉, (S11a)
− i
h¯
QCH
′
CPC|PCψ(t)〉−
i
h¯
QCH
′
CQC|QCψ(t)〉=
d
dt
|QCψ(t)〉. (S11b)
After the initial condition |QCψ(0)〉 = 0, multiplying both sides of Eq. (S11) by Θ(t), and plugging the formal solution of Eq. (S11b)
into Eq. (S11a), we obtain the Green functions GC(t) =Θ(t)e−iH
′
Ct/h¯ which can be Fourier transformed as,36
GA(h¯ω) =−i
∫ ∞
−∞
dt eiωtGA(t) = limε→0+
1
h¯ω−H(sys)A ⊗|0B〉〈0B|−RA(h¯ω)+ iε
, (S12a)
GD(h¯ω) =−i
∫ ∞
−∞
dt eiωtGD(t) = limε→0+
1
h¯ω− (H(sys)D +H(sys)P +HDP)⊗|0B〉〈0B|−RDP(h¯ω)+ iε
, (S12b)
where
S3
RA(h¯ω) =PAH
(sys−B)
A QA
1
h¯ω−QAH ′AQA+ iε
QAH
(sys−B)
A PA, (S13a)
RD(h¯ω) =PD[H
(sys−B)
D +H
(sys−B)
P ]QD
1
h¯ω−QDH ′DQD+ iε
QD[H
(sys−B)
D +H
(sys−B)
P ]PD, (S13b)
are the so-called self-energy terms. We next make the partition RC(h¯ω) = ReRC(h¯ω)− i2ΓC(h¯ω) with ΓC(h¯ω) = −2ImRC(h¯ω) and
assume that the Lamb shifts ReRC(h¯ω) contribute insignificantly when compared to the exciton/SP energies and can thus be neglected.
In addition, we take the wide-band approximation that all (diagonal) matrix elements of ΓC(h¯ω) are constant as a function of ω:
〈Alm,0B|ΓA(h¯ω)|Alm,0B〉 ≈ ΓA, 〈Di j,0B|ΓD(h¯ω)|Di j,0B〉 ≈ ΓD, and 〈1~k,0B|ΓD(h¯ω)|1~k,0B〉 ≈ ΓP,~k. Then explicitly writing out the respective
Hamiltonians in Eq. (S12), we arrive at
GA(h¯ω) = limε→0+
1
h¯ω− (h¯ωA− i2ΓA)∑l,m |Alm〉〈Alm|⊗ |0B〉〈0B|+ iε
(S14a)
GD(h¯ω) = limε→0+
1
h¯ω− [(h¯ωD− i2ΓD)∑i, j |Di j〉〈Di j|+∑~k∈FBZ(h¯ω~k− i2ΓP,~k)a†~ka~k+HDP]⊗|0B〉〈0B|+ iε
(S14b)
= limε→0+
1
h¯ω− [(h¯ωD− i2ΓD)∑~k∈FBZ∑d |d~k〉〈d~k|+∑~k∈FBZ∑α (h¯ωαD,~k − i2ΓαD,~k )|αD,~k〉〈αD,~k|]⊗|0B〉〈0B|+ iε
. (S14c)
It is intuitively clear that the terms in brackets in the denominators of Eqs. (S14b) and (S14c) correspond to effective Hamiltonians of
the donor-SP coupled system. In fact, h¯ωαD,~k and ΓαD,~k are the resulting (real-valued) energy and linewidth of |αD,~k〉 (defined just after
Eq. (6) in the main text) for α = UP,LP. Comparing those two equations shows that not only can the polariton energies and linewidths
be obtained from the diagonalization of a non-Hermitian Hamiltonian for the donors and SP modes, but all dark states have the same
energy and linewidth as the bare chromophores.
More precisely, applying the assumption of weak system-bath coupling that was used to derive Eq. (7) and setting ρ(B)C = |0B〉〈0B|
(T = 0), we can readily relate the expressions for absorption and emission spectra (Eqs. (S5) and (S6), respectively) to matrix elements
of the Green’s functions (see Eq. (S12)),
IF (ω)≈ 12pi trbA{e
iH(B)A t/h¯ρ(B)A 〈F |−2ImGA(h¯ω)|F〉}
=
1
pi
1
2ΓF
(h¯ω− h¯ωI)2+( 12ΓF )2
, (S15a)
EI(ω)≈ 12pi trbD{e
−iH(B)D t/h¯ρ(B)D 〈I|−2ImGD(h¯ω)|I〉}
=
1
pi
1
2ΓI
(h¯ω− h¯ωI)2+( 12ΓI)2
, (S15b)
with F = A (I = αD,~k,D) representing any state of type |Alm〉 (|α~k,D〉, |d~k〉), and we thus obtain the Lorentzian spectral overlap JF,I =
1
pi
ΓI+ΓF
2
(
ΓI+ΓF
2 )
2+(h¯ωFI)2
.
Although we made several approximations to achieve this form, Lorentzian behavior is usually characteristic of lineshapes near
their peaks,79 leading to overlaps and thus EET rates that are especially relevant when initial and final states are near resonance. In
passing, we mention that a different physical mechanism to obtain Lorentzian lineshapes occurs when electronic states are coupled to
overdamped Brownian oscillators in the limits of high temperature and fast nuclear dynamics36.
S2.3 Lack of supertransfer enhancement
Here, we demonstrate that even though the donor polariton state is coherently delocalized, the superradiance enhancement of EET
to bare acceptors that one could expect4,5 is negligible when taking into account the distance dependence of the involved dipolar
interactions. The essence of supertransfer is that a constructive interference of individual donor dipoles in an aggregate can lead to
FRET rates that scale as N times a bare FRET rate. However, for this to happen, it is important to have a geometric arrangement where
all donors are equidistantly spaced with respect to all acceptors; this is not the case in our problem.
S4
To show this point explicitly, we first evaluate the FRET rate associated with the delocalized donor |D~k=0〉 transferring energy to bare
acceptors,
γFRETA←D~k=0 ≡
2pi
h¯ ∑l,m
|〈Alm|HDA|D~k=~0〉|2JA,D~k=~0
≈ 2pi
h¯
µ2Dµ
2
A
1
ND
∑
l,m
∣∣∣∣∣∑i, j κi jlmr3i jlm
∣∣∣∣∣
2
JA,D~k=~0 , (S16)
where we have approximated |D~k=0〉 as a totally symmetric state across all chromophores, |cDi′ j′D~k=0 |2 =
κ2~kDi′ j′
∑i, j κ2~kDi j
≈ 1ND (see definition of
|C~k〉 for C = D,A in main text right after Eq. (6)).
Compare Eq. (S16) to the corresponding bare FRET rate
γ ′′bare FRET =
2pi
h¯
µ2Dµ
2
A
1
ND
∑
l,m
∑
i, j
κ2i jlm
r6i jlm
JA,D. (S17)
Since the separation between donor and acceptor slabs is small compared to their longitudinal (xy) dimensions, it is incorrect to
approximate the distance ri jlm as constant for all i, j, l,m. To see this more precisely,
∣∣∣∣∣∑i, j κi jlmr3i jlm
∣∣∣∣∣
2
≤ 4
(
∑
i, j
1
r3i jlm
)2
= 4
(
ρD
∫ s+W
s
dz
∫
d~R
1
[|~R−~Rl,A|2+(z− zm,A)2]
3
2
)2
= 4
(
ρD
∫ s+W
s
dz
∫ 2pi
0
dφ
∫ ∞
0
dr
r
[r2+(z− zm,A)2] 32
)2
 lim
ND→∞
ND∑
i, j
κ2i jlm
r6i jlm
. (S18)
The finiteness of both the concentration ρD and the integral over (r,φ ,z) allow going from the third to the fourth line as long as ND is
sufficiently large. More precisely, the integral in the third line with respect to r scales as r−1 and converges for zm,A > z j,D for all j; the
sum ∑i, j
κ2i jlm
r6i jlm
in the fourth line can be similarly converted into an integral which converges as r−4. We have also used the fact that the
squared FRET orientation factor κ2i jlm ranges from 0 to 4.
54 For large enough ND, the difference in spectral overlaps JA,D and JA,D~k=~0 is
immaterial. Therefore, if γ ′′bare FRET 6= 0, γFRETA←D~k=0  NDγ
′′
bare FRET and we conclude that the decay of dipolar interactions with respect to
distance precludes a supertransfer enhancement4,5 in our problem.
By noticing that
∣∣∣∣∑i, j κi jlmr3i jlm
∣∣∣∣2 > ∑i, j κ2i jlmr6i jlm (at least when all κi jlm ≥ 0), and for JA,D ≈ JA,D~k=~0 , we still expect a coherence enhancement
of EET: γFRETA←D~k=0 > γ
′′
bare FRET. However, this enhancement is quite modest compared to all other effects that we consider in our problem
(e.g., PRET contributions).
S2.4 Derivation of rate Eq. (12a) from donor polaritons to acceptors
Here, we derive expressions for EET rates between a multi-layer slab of ND  Nxy,D donor molecules strongly coupled to a SP and a
monolayer of acceptor molecules at z= z0,A > z j,D for all j. The polariton states α =UP,LP are of the form |αD,~k〉= cD~kαD,~k |D~k〉+c~kαD,~k |
~k〉,
where |~k〉= a†~k |0〉 and
|D~k〉=
1√
∑i, j κ2~kDi j
e−2ad~kz j,D
∑
i, j
κ~kDi je
−ad~kz j,Dei~k·~Ri,D |Di j〉. (S19)
S5
Plugging Eq. (S19) into Eq. (8a), the rate of transfer from donor polariton state |αD,~k〉 (α = UP,LP) to acceptors is
γA←αD,~k =
2pi
h¯ ∑l
|〈Al0|HDA+HAP|αD〉|2 JAαD,~k
=
2pi
h¯ ∑l
∣∣∣∣∣∣〈Al0|HDA+HAP|
cD~kαD,~k∑
i, j
κ~kDi je
−ad~kz j,Dei~k·~Ri,D√
∑i, j κ2~kDi j
e−2ad~kz j,D
|Di j〉+ c~kαD,~k |
~k〉
∣∣∣∣∣∣
2
JA,αD,~k . (S20)
For simplicity, we next assume the chromophore TDMs are isotropically distributed and orientationally uncorrelated,
γA←αD,~k = |cD~kαD,~k |2
2pi
h¯
NA∑
i, j
(
e−2ad~kz j
Nxy,D∑ j e−2ad~kz j,D
)
µ2Dµ
2
A〈κ2FRET 〉
r6i j
JAαD,~k
+ |c~kαD,~k |
2 2pi
h¯
ρ(2D)A µ
2
A〈κ2LM,~k〉
h¯ω~k
2ε0L~k
e−2ad~kz0,AJAαD,~k , (S21a)
where ri j is distance between acceptor at (0,0,z0,A) and donor i j, ρ
(2D)
A =
Nxy,A
S is the concentration of acceptors per unit area, the
isotropically averaged orientation factors for FRET and light-matter interaction are 〈κ2FRET 〉 = 〈κ2i jl0〉 = 23 54, and 〈κ2LM,~k〉 = 〈κ
2
~kDi j
〉 =
2
3 +
1
3
|~k|2
a2
d~k
28. Eq. (S21a) shows that the isotropic distribution of dipoles and the lack of correlations amongst their orientations yields an
incoherently averaged rate over the populations of exciton (first term) and SP (second term). Furthermore, Eq. (13b) of the main text
is a less explicit form of Eq. (S21a) that follows from using the approximation e
−2a
d~k
z j,D
Nxy,D∑ j e
−2a
d~k
z j,D
≈ |cDi jD~k |2 =
κ2~kDi j
e−2ad~kz j,D
∑i, j κ2~kDi j
e−2ad~kz j,D
(i.e., ignoring
the orientational dependence of the exciton populations).
In obtaining Eq. (S21a), we have utilized the following approximations which are valid for large ND:
〈κ~kDi jκi jl0κ~kDi′ j′ κi′ j′l0
∑i, j κ2~kDi j
e−2ad~kz j,D
〉
≈
〈κ~kDi jκi jl0κ~kDi′ j′ κi′ j′l0〉
∑i, j〈κ2~kDi j 〉e
−2ad~kz j,D
=
〈κ~kDi jκi jl0κ~kDi′ j′ κi′ j′l0〉
〈κ2LM〉Nxy,D∑ j e−2ad~kz j,D
, (S22a)
〈
κ~kDi jκi jlmκ~kAl0√
∑i, j κ2~kDi j
e−2ad~kz j,D
〉
≈
〈κ~kDi jκi jlmκ~kAl0〉
〈
√
∑i, j κ2~kDi j
e−2ad~kz j,D〉
. (S22b)
In addition, we have applied a mean-field approach to the orientational factors,
〈κ~kDi jκi jl0κ~kD′ i′ jκi′ j′l0〉 ≈ 〈κ~kDi jκ~kD′ i′ j 〉〈κi jl0κi′ j′l0〉= 〈κ
2
LM,~k
〉〈κ2FRET 〉δ(i, j),(i′ j′), (S23a)
〈κ~kDi jκi jl0κ~kAl0〉 ≈ 〈κ~kDi jκ~kAl0〉〈κi jl0〉= 0. (S23b)
In the continuum limit, Eq. (S21a) reads,
γA←αD,~k =
2pi
h¯
ρ(2D)A
|cD~kaD,~k |2µ2Dµ2A〈κ2FRET 〉
∫ s+W
s dze
−2ad~kz pi
2(z0,A−z)4
e−2ad~k (s+W )−e−2ad~ks
−2ad~k
+ |c~kαD,~k |
2µ2A〈κ2LM,~k〉
h¯ω~k
2ε0L~k
e−2ad~kz0,A
JAαD,~k , (S24)
where the base of the donor slab is located at z = s and its thickness is W (while the integral over z is analytical, it is complicated and
does not shed much insight into the problem).
S2.5 Derivation of rate Eq. (12b) from donor dark states to acceptors
Here, we show that the rate (Eq. (8b)) of EET from donor dark states to a spatially separated monolayer of bare acceptors at z = z0,A
converges to the bare FRET rate γbare FRET in Eq. (12b) assuming that ND  Nxy,D and all donor and acceptor TDMs are isotropically
oriented and uncorrelated. The steps applied in this subsection can be extended in a straightforward manner to establish this result for
multiple layers in the acceptor slab. This result is intuitively expected given that the dark states are purely excitonic and centered at
the original transition frequency ωD; furthermore, the density of dark states is close to the original density of bare donor states. Our
S6
derivation here relies on Lorentzian lineshapes for the dark donor and acceptor states (see Section S2.2); however, we anticipate the
conclusions to hold for more general lineshapes under certain limits.
Section S2.2 specifically reveals that weak system-bath coupling and T = 0 allow the lineshape of each dark state |dD,~k〉 to be expressed
as a Lorentzian with peak energy and linewidth identical to that of bare donors, leading to JA,dD,~k = JA,D. Connecting this finding to the
relevant rate expression, we can rewrite Eq. (8b) of the main text for an acceptor monolayer as
γA←darkD =
2pi
h¯
1
ND−Nxy,D∑l
[
∑
i, j
|〈Al0|HDA|Di j〉|2− ∑
~k∈FBZ
|〈Al0|HDA|D~k〉|2
]
JA,D. (S25)
We have used the relation ∑~k∈FBZ∑d |d~k〉〈d~k|= 1
(sys)
D −∑~k∈FBZ |D~k〉〈D~k| for donor (electronic) identity 1
(sys)
D . Assuming Nz,D 1 (equiva-
lent to ND Nxy,D ), we have
γA←darkD =
2pi
h¯
1
ND
∑
l
∑
i, j
|〈Al |HDA|Di j〉|2JA,D−
2pi
h¯
1
ND
∑
l
∑
~k∈FBZ
|〈Al |HDA|D~k〉|2JA,D. (S26)
We note that the first term is exactly γ ′bare FRET. Applying the arguments from the derivation (Section S2.4, including the orientational
averaging approximations of Eqs. (S22) and (S23)) of the rate of EET from donor polaritons to acceptors, as well as the continuum
approximation, we obtain
γA←darkD =
2pi
h¯
ρ(2D)A µ
2
Dµ
2
A〈κ2FRET 〉
 ∫ s+Ws dz pi2(z0,A−z)4
W
− 1
ND
∑
~k∈FBZ
∫ s+W
s dze
−2ad~kz pi
2(z0,A−z)4∫ s+W
s dze
−2ad~kz
JAD. (S27)
Next, we make the approximation
∫ s+W
s dze
−2a
d~k
z pi
2(z0,A−z)4∫ s+W
s dze
−2a
d~k
z ≈
∫ s+W
s dz
pi
2(z0,A−z)4
W , where the lefthand side is a weighted average of
pi
2(z0,A−z)4 . Then
we can write
γA←darkD ≈
2pi
h¯
ρ(2D)A µ
2
Dµ
2
A〈κ2FRET 〉
(
1− 1
Nz,D
) ∫ s+W
s dz
pi
2(z0,A−z)4
W
JAD, (S28)
where we have used ∑~k∈FBZ = Nxy,D in obtaining this equation. With Nz,D 1, we arrive at
γA←darkD ≈
2pi
h¯
ρ(2D)A µ
2
Dµ
2
A〈κ2FRET 〉
pi
6
[
1
(z0,A−s−W )3 −
1
(z0,A−s)3
]
W
JAD. (S29)
This expression is exactly the bare FRET rate γbare FRET of Eq. (13b) under the aforementioned assumptions of infinitely extended slab
along the xy plane, translational symmetry, orientational averaging, and the continuum limit.
S2.6 Additional simulation notes/data for strongly coupling donor
S2.7 Derivation of simulated rates for strongly coupling acceptors
The simulated rates for EET from a monolayer of bare donor at z = z0,D > zm,A for all m to acceptor polariton/dark states asssuming a
thick acceptor slab (NA Nxy,A), orientational averaging and no correlations for the TDMs ~µAlm are given by
γαA←D =
1
h¯
∫ pi/a
0
dkk
|cA~kαA,~k |2µ2Dµ2A〈κ2FRET 〉
∫ s+W
s dze
−2ad~kz pi
2(z0,D−z)4
e−2ad~k (s+W )−e−2ad~ks
−2αd~k
+ |c~kαA,~k |
2µ2D〈κ2LM〉
h¯ω~k
2ε0L~k
e−2ad~kz0,D
JαA,~kD (S30a)
γdarkA←D =
2pi
h¯
ρAµ2Dµ
2
A〈κ2FRET 〉
pi
6
[
1
(z0,D− s−W )3
− 1
(z0,D− s)3
]
JAD = γ ′bare FRET. (S30b)
Here, the thickness of the acceptor slab is W , its base is located at z = s, and its (three-dimensional) concentration is ρA = NASW . The
derivation of Eq. (S30) starts with the preliminary rate expression in Eq. (9) of the main text and proceeds analogously to those in
Sections S2.4 and S2.5, respectively. In contrast to Eq. (S24), Eq. (S30a) also sums over the final polariton~k modes, yielding a integral
rate upon invoking the continuum-limit transformation ∑~k∈FBZ → S(2pi)2
∫ 2pi
0 dφ
∫ pi/a
0 dkk for acceptor lattice spacing a. Eq. (S30) is a
more explicit form of Eqs. 13 in the main text.
We now consider the case when
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Fig. S1 SC of SPs to donors. Lorentzian spectra for the donor polariton and dark states, as well as the bare donors and acceptors.
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1
Nxy,A
∑
~k∈FBZ
|〈~k|HDP|Di0〉|2 < 1NA∑l,m
|〈Alm|HDA|Di0〉|2, (S31)
in other words, the average PRET coupling intensity is smaller than that of FRET; this happens when the donor-acceptor separation
lies within the typical FRET range (1-10 nm). As we next show, the EET rate from a monolayer of bare donors to acceptor polariton
band αA is consequently much smaller than the bare FRET rate (γ ′′bare FRET in Eq. (S17)) as NA Nxy,A (i.e., Nz,A 1), for isotropic and
uncorrelated orientational distribution of TDMs ~µAi j . The steps taken here resemble those employed in Section S2.5. Starting from Eq.
(13a), we utilize |cAlmA~k |2 ≈ 1NA to obtain
γαA←D ≈
2pi
h¯ND
∑
~k∈FBZ
∑
i
[
|cA~kαA,~k |2∑
l,m
1
NA
|〈Alm|HDA|Di0〉|2+ |c~kαA,~k |
2|〈~k|HDP|Di0〉|2
]
JαA,~k ,D
≤ 2pi
h¯ND
∑
i
∑
l,m
|〈Alm|HDA|Di0〉|2
1
Nz,A
max
~k∈FBZ
JαA,~k ,D
+
2pi
h¯ND
∑
i
∑
~k∈FBZ
|〈~k|HDP|Di0〉|2 max
~k∈FBZ
JαA,~k ,D
 2pi
h¯ND
∑
i
∑
l,m
|〈Alm|HDA|Di0〉|2JA,D
= γ ′′bare FRET, (S32)
where the second inequality holds for sufficiently large Nz,A such that 2Nz,A max~k∈FBZ JαA,~k ,D JA,D. This result can be physically interpreted
as follows: γ ′′bare FRET and γ
FRET
αA←D scale as the number of final states NA and Nxy,A NA, respectively.
S2.8 Additional simulation notes/data for strongly coupling acceptors
We note that the rates from donors to polariton bands (Eq. S30a) were calculated numerically. In particular, the integrals over k were
calculated via the trapezoid rule using 2000 intervals.
S2.9 Simulations for the “carnival effect”
For this simulation, the coupling is strong enough such that the UP is higher in energy than the bare donors. Thus, the acceptor UP
becomes a donor and the donors turn into acceptors. Thus, we use the rate Eq. (S24) derived for the case of strongly-coupling SP to
donors only for transfer from a polariton state with the labels D and A interchanged.
S3 Case ii
S3.1 Derivation: EET rates Eqs. (11)
In this section, we show how to derive the EET rates in Eqs. (11) of the main text between polariton/dark states when both donors and
acceptors are strongly coupled to an SP mode. While we only derive rate Eq. (11a) in significant detail, Eqs. (11b) and (11c) can be
analogously obtained in essentially the same manner.
Excitons coupled to the~k-th SP mode produce polariton states of the form |α~k〉 = cD~kα~k |D~k〉+ cA~kα~k |A~k〉+ c~kα~k |
~k〉. As discussed in the
main text, the perturbation V (ii) due to the chromophore and photon baths induces transitions between the UP, MP, LP and dark states
of donors and acceptors,
V (ii) =∑
C
∑
i, j
|Ci j〉〈Ci j|∑
q
λq,Ch¯ωq,C(b†q,Ci j +h.c.)+∑
~k
∑
q
gq,~k(b
†
q,Pa~k+h.c.), (S33)
where C=D,A. Given the locality of vibronic coupling, the first term only couples two states that share the same chromophores. On the
other hand, the second term does not couple different polariton/dark states because it represents radiative and Ohmic losses from the
SP modes. The EET rate from a single polariton state |α~k〉 to the polariton band β can then be calculated by invoking Fermi’s Golden
S9
Fig. S2 SC of SPs to acceptors. Contributions of EET rates from donors to acceptor UP and LP due to donor-acceptor and SP-donor interactions.
S10
Fig. S3 SC of SPs to acceptors. (a) Dispersion curve in the FBZ. The value a = 1×10−9 m is the inter-chromophoric lattice spacing for the acceptor
slab. (b) Expanded view of dispersion curve at region of anticrossing characteristic of SC.
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Fig. S4 Carnival effect or EET role-reversal. Lorentzian spectra for the acceptor polariton and dark states, as well as the bare donors and acceptors.
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Rule,
γβ←α~k = ∑
~k′∈FBZ
∑
C
|cC~k′β~k′ |
2|cC~kα~k |2∑
i, j
|cCi jC~k′ |2|cCi jC~k |2
× 2pi
h¯2 ∑L′ ∑L
pLCi j |〈L′Ci j |∑
q
λq,Ch¯ωq,C(b†q,Ci j +bq,Ci j )|LCi j 〉|
2δ (ωβ~k′α~k +ωL′Ci jLCi j ). (S34)
|LCi j 〉 refers to a local bath state of molecule Ci j and pLCi j is the thermal probability to populate it. Assuming that all molecules of the
same type C (donor or acceptor) feature the same bath modes, we can associate the single-molecule rate
2pi
h¯2 ∑L′ ∑L
pLCi j |〈L′Ci j |∑
q
λq,Ch¯ωq,C(b†p,Ci j +bp,Ci j )|LCi j 〉|
2δ (ω+ωL′Ci jLCi j ) =RC(ω) (S35)
which can be readily related to a spectral density, as explained in the main text. Then we arrive at the compact expression,
γβ←α~k = ∑
~k′∈FBZ
∑
C
|cC~k′β~k′ |
2|cC~kα~k |2∑
i, j
|cCi jC~k′ |2|cCi jC~k |2RC(ωβ~k′α~k ), (S36)
which is exactly Eq. (11a) of the main text.
To derive the average rate Eq. (11b) from dark states of chromophore C to the polariton band α, we begin with
γα←darkC =
2pi
h¯2 ∑~k′∈FBZ
1
NC−Nxy,C ∑~k∈FBZ
∑
d
∑
i′ j′
∑
L′
∑
i′′ j′′
∑
L
pLCi′′ j′′ |〈α~k′ ,L
′
Ci′ j′ |V
(ii)|dC,~k,LCi′′ j′′ 〉|2δ (ωα~k′C+ωL′Ci′ j′ LCi′′ j′′ ). (S37)
Similarly, the derivation of rate Eq. (11c) from polariton state |α~k〉 to the same dark states starts at
γdarkC←α~k =
2pi
h¯2 ∑~k∈FBZ
∑
d
∑
i′ j′
∑
L′
∑
i′′ j′′
∑
L
pLCi′′ j′′ |〈dC,~k′ ,L
′
Ci′ j′ |V
(ii)|α~k,LCi′′ j′′ 〉|2δ (ωCα~k +ωL′Ci′ j′ LCi′′ j′′ ). (S38)
We note that the presence of the prefactor 1NC−Nxy,C in Eq. (S37) and lack thereof in Eq. (S38) is due to the asymmetry of Fermi’s
Golden Rule: in the former equation, dark states serve as the initial state and thus the term for each state is weighted by its occupation
probability, which we have assumed to be uniform at 1NC−Nxy,C given their degeneracy.
S3.2 Simulated rates
In this section, we present the rates used in our simulations for both donors and acceptors strongly coupled to a SP assuming (as
discussed in the main text) orientationally averaged TDMs ~µCi j , Nxy,D = Nxy,A = Nxy, and Nz,C 1 for C = D,A.
The overlap between |Ci j〉 and the collective mode |C~k〉 can be written as |cCi jC~k | =
κ~kCi j e
−a
d~k
z j,C√
∑i, j κ2~kCi j
e−2ad~kz j,C
and plugged into Eq. (11a) to
obtain the rate for EET from polariton state |α~k〉 to band β :
γβ←α~k =
1
2pi ∑C
|cC~kα |2
ρC e
−2a
d~k
(sC+WC )−e−2ad~ksC
−2ad~k
∫ pi/a
0
dk′ k′|cC~kβ |
2
e−2(ad~k+ad~k′ )(sD+WD)−e−2(ad~k+ad~k′ )sD
−4ad~k′
e−2ad~k′ (sD+WD)−e−2ad~k′ sD
−2ad~k′
RD(ωβ~k′α~k ), (S39)
where we have applied orientational averaging of the TDMs under the approximation 〈|cCi jC~k |2〉 ≈ e
−2a
d~k
z j,C
Nxy∑ j e
−2a
d~k
z j,C
(Section S2.4) and the
~k-space continuum-limit transformation (Section S2.7).
The derivation of the EET rate from polariton |α~k〉 to dark states is quite alike that of Section S2.5. We can write Eq. (11c) as
γdarkC←α~k = |cC~kα~k |
2RC(ωCα~k )∑
i, j
|cCi jC~k |2 ∑
~k′∈FBZ
∑
d
|cC~k′dC,~k′ |
2|cCi jC~k′ |2
= |cC~kα~k |2RC(ωCα~k )∑
i, j
|cCi jC~k |2 ∑
~k′∈FBZ
∑
d
|〈Ci j|dC,~k′〉|2. (S40)
Inserting the relation ∑~k∈FBZ∑d |dC,~k〉〈dC,~k|= 1
(sys)
C −∑~k∈FBZ |C~k〉〈C~k|, we obtain
γdarkC←α~k = |cC~kα~k |
2RC(ωCα~k )∑
i, j
|cCi jC~k |2
(
1− ∑
~k′∈FBZ
|cCi jC~k′ |2
)
. (S41)
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Noting that |cCi jC~k′ |2 ∼ 1NxyNz,C and ∑~k∈FBZ sums over Nxy terms, we utilize Nz,C 1 and ∑i, j |cCi jC~k |2 = 1 to write
γdarkC←α~k = |cC~kα~k |
2RC(ωCα~k ). (S42)
This same logic can be applied to arrive at
γα←darkC =
1
2pinCWC
∫ pi/a
0
dkk|cC~k′α~k′ |2RC(ωα~k′C) (S43)
for a continuum of~k states.
In summary, the simulated equations for the case where both donors and acceptors are strongly coupled are
γβ←α~k =
1
2pi ∑C
|cC~kα |2
ρC e
−2a
d~k
(sC+WC )−e−2ad~ksC
−2ad~k
∫ pi/a
0
dk′ k′|cC~kβ |
2
e−2(ad~k+ad~k′ )(sD+WD)−e−2(ad~k+ad~k′ )sD
−4ad~k′
e−2ad~k′ (sD+WD)−e−2ad~k′ sD
−2ad~k′
RD(ωβ~k′α~k ), (S44a)
γα←darkC =
1
2piρCWC
∫ pi/a
0
dkk|cC~k′α~k′ |2RC(ωα~k′C), (S44b)
γdarkC←α~k = |cC~kα~k |
2RC(ωCα~k ). (S44c)
From these expressions, it can be seen that the rates to polariton bands (Eqs. (S44a) and (S44b)) scale as ∼ 1Nz,C relative to the rate
to dark states (Eq. (S44c)), which scales as a single-molecule rate RC. This is because there are Nxy states in each polariton band as
opposed to NC−Nxy in the band of dark states.
As discussed in the main text (Section 3), the spectral density that governsRC(ω) depends on the energies h¯ωq and coupling strengths
λqh¯ωq of representative localized vibrational modes BTDBC, reproduced below from literature:56
h¯ωq (meV) 40 80 120 150 185 197
λqh¯ωq (meV) 14 18 25 43 42 67
S3.3 Additional simulation notes/data
We note that the rates in Eqs. (S44a) and (S44b) from polariton and dark states, respectively, to polariton bands were calculated
numerically: as for the case of strongly coupling only the acceptors to SPs (Section S2.8), the k-integrals were computed with the
trapezoid rule using 2000 intervals.
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Fig. S5 SC of SPs to both donors and acceptors. Ratio of SP collective coupling and linewidth of acceptors as a function of donor-acceptor separation
∆z.
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Fig. S6 SC of SPs to both donors and acceptors. EET rates (that are not shown in Fig. 4 of the main text) as a function of donor-acceptor separation
∆z for downhill transtions among polariton and dark states. for The SP mode is resonant with the donor, and the donor slab lies 1 nm from the metal
and has fixed position while the acceptor slab is moved in the +z-direction to vary ∆z.
S16
Fig. S7 SC of SPs to both donors and acceptors. (a) Dispersion curve in the FBZ. Donor-acceptor separation is 205 nm. The dispersion curves at all
other donor-acceptor separations (10-400 nm) have the same qualitative form. The value a = 1× 10−9 m is the inter-chromophoric lattice spacing for
both donor and acceptor slabs. (b) Expanded view of dispersion curve at region of anticrossing characteristic of SC.
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Fig. S8 SC of SPs to both donors and acceptors. (a) Donor mixing fraction |cD~kMP~k |
2 in MP and (b) acceptor mixing fraction |cA~kLP~k |
2 in LP. Donor-
acceptor separation is 205 nm. The mixing-fraction curves as a function of~k ∈ FBZ at all other donor-acceptor separations have the same qualitative
form. The value a= 1×10−9 m is the inter-chromophoric lattice spacing for both donor and acceptor slabs.
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